The aim of this study was to investigate the effect of Eugenia uniflora fruit (red type) extract on metabolic status, as well as on neurochemical and behavioral parameters in an animal model of metabolic syndrome induced by a highly palatable diet (HPD). Rats were treated for 150 days and divided into 4 experimental groups: standard chow (SC) and water orally, SC and E. uniflora extract (200 mg/kg daily, p. o), HPD and water orally, HPD and extract. Our data showed that HPD caused glucose intolerance, increased visceral fat, weight gain, as well as serum glucose, triacylglycerol, total cholesterol and LDL cholesterol; however, E. uniflora prevented these alterations. The extract decreased lipid peroxidation and prevented the reduction of superoxide dismutase and catalase activities in the prefrontal cortex, hippocampus and striatum of animals submitted to HPD. We observed a HPD-induced reduction of thiol content in these cerebral structures. The extract prevented increased acetylcholinesterase activity in the prefrontal cortex caused by HPD and the increase in immobility time observed in the forced swim test. Regarding chemical composition, LC/MS analysis showed the presence of nine anthocyanins as the major compounds. In conclusion, E. uniflora extract showed benefits against metabolic alterations caused by HPD, as well as exhibited antioxidant and antidepressant-like effects.
Introduction
Metabolic syndrome (MetS) is a major health problem, which predisposes to the development of type 2 diabetes, cardiovascular and kidney diseases [1] . It is characterized by the presence of three or more of the following risk factors: hypertension, hyperglycemia, dyslipidemia, obesity and insulin resistance (IR) [1] . The prevalence of MetS is rapidly increasing worldwide including in developing countries, which is due primarily to prevailing sedentary lifestyles and unhealthy eating habits [2] .
Experimental studies in animal models have shown that chronic consumption of diets with a high carbohydrate and fats content mimics the main signs of MetS in humans, especially dyslipidemia, hyperglycemia, glucose intolerance, obesity and IR [3] . Moreover, the consumption of these diets may increase fat deposits and free fatty acid (FFA) levels in the tissues and circulation leading to the development of a pro-inflammatory and pro-oxidant state [4] .
It is known that the increase of reactive oxygen species (ROS) as well as pro-inflammatory cytokines is directly related to the development of MetS [5] . Moreover acetylcholinesterase (AChE) may contribute to the pathways controlling inflammatory and immune responses [6] and some reports demonstrated that cholinesterase activities were altered in diabetes and MetS [7] . In addition, there is a growing appreciation that the complications of MetS and obesity may result in increased risk for neurological co-morbidities like depressive illness [8] . In this context, studies indicate that oxidative stress mediates the neuropathological processes in a series of neurodegenerative diseases, and neuropsychiatric disorders [9] .
Considering the variety of factors involved in the development of MetS, the search for potential new treatments still remains relevant. In this way, epidemiological studies have suggested an inverse relation between the consumption of polyphenol-rich foods and the risk of degenerative diseases. Therefore, there has been a great deal of interest in the screening and characterization of novel potentially therapeutic compounds of polyphenol-rich extracts obtained from foods and medicinal plants [10] .
Eugenia uniflora (Myrtaceae) is widely distributed throughout South America [11] . Studies with its leaf extracts have shown numerous actions such as antioxidant and anti-inflammatory effects, reduction of triacylglycerol (TAG), reduced weight gain and decreased glucose levels in the blood [11, 12] . However, the lack of studies related to the pharmacological properties of E. uniflora fruits, despite the presence of anthocyanins, polyphenols as major chemical constituents, make this fruit a source of antioxidant compounds, which are desirable to the patients with MetS [13] . In this sense, this work aimed at evaluating the effects of E. uniflora fruit (red type) extracts on metabolic status, as well as on neurochemical and behavioral parameters in rats fed with a highly palatable diet (HPD). C and protected from light. The extracts were prepared according to Bordignon et al. [14] with modifications. Briefly, unprocessed frozen E. uniflora fruits (30 g) were sonicated for 30 min at 25 C in 90 mL 70:30 v/v ethanol-water (pH 1.0). The crude extracts were filtered; the ethanol removed under reduced pressure and then lyophilized.
Materials and methods
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Total phenolic, flavonoid and anthocyanin contents
The total phenolic content was determined according to Singleton et al., [15] with minor modifications and expressed as milligrams of gallic acid per 1 g of dried extract. The total flavonoid content was determined as described by Miliauskas et al., [16] and results were expressed as milligrams of gallic acid per 1 g of dried extract. Anthocyanins were quantified by the pH differential method [17] and reported as milligrams of cyanidin-3-glucoside per 1 g of dried extract. Data were expressed as mean AE SD and all analyses were performed in triplicate.
Identification of anthocyanins by LC/PDA/MS/MS
Anthocyanins were identified using an Acquity-UPLC TM coupled to a photodiode array detector (PDA) and to a high-resolution mass spectrometer (Xevo 1 G2 QTof model À WATERS
1
). The chromatographic separation was performed using a C18 chromatography column (Synergi TM -Phenomenex 1 ) 4 mm, 150 Â 2.0 mm at 40 C, and the injection volume was 5 mL. The elution was carried out using an aqueous solution of formic acid 2% (solvent A) and acetonitrile with 1% of formic acid (solvent B). The method used a linear gradient at constant flow (0.4 mL min
À1
). The total time of analysis was 34 min according to the following conditions: 0-10 min, 5-12% B; 10-29 min, 12-18% B; 29-33 min, 18% B; 33-34 min, 5% B. Detection was performed at 520 nm, and the range of spectral scanning in the visible region was 450-600 nm (PDA). Mass spectrometry detection was carried out with an electrospray ionization source (ESI) set on negative ion mode, capillary voltage, 1.0 kV, source block temperature, 120 C, desolvation temperature, 600 C; nebulizer nitrogen flow rate, 80 L h
, desolvation nitrogen gas flow, 800 L h
, and cone voltage, 40 V, controlled by MassLynx v.4.1 software for data acquisition and processing. The mass scanning ranged from m/z 200 to 1500 with a scan time of 0.5 s. MS/MS analysis was performed using a collision energy ramp (10-30 eV); and with argon as collision gas. All analyses were performed in triplicate.
Animals and drug treatments
Male wistar rats aged 21 days maintained at [21] [22] [23] [24] [25] C with free access to water and food, under a 12:12 h light:dark cycle were used throughout this study Rats were divided into four groups: (1) standard chow (SC) group + vehicle, which received standard laboratory rat chow (50% carbohydrate, from starch, 22% protein and 4% fat) and water orally; (2) SC + E. uniflora, which received standard chow and 200 mg/Kg/day of E. uniflora orally; (3) highly palatable diet (HPD) group + vehicle, which received an enriched sucrose diet (65% carbohydrates 34% being from condensed milk, 8% from sucrose and 23% from starch, 25% protein and 10% of fat) and water orally (4) HPD + E. uniflora, 200 mg/kg/day orally. The HPD and dose of E. uniflora extract used in this study were chosen according to Oliveira et al., [18] . The experiments were performed after the approval of the local Ethics Committee (CEEA no. 9125) and no efforts were spared to minimize animal suffering.
Body weight gain and food intake
Changes in body weight and food intake patterns of rats were measured throughout the experimental period. The weight of each rat was recorded on day 0 and at weekly intervals throughout the course of the study. The quantity of food consumed by each group was recorded weekly, and the food consumption per rat was calculated for all groups.
Sample collection and biochemical assay
After 150 days of food and extract administration and 24 h after the last behavioral test, the animals were euthanized by decapitation having fasted for 6 h. At euthanasia, visceral fat was weighed and the blood collected. Serum was obtained by centrifugation at 4000 rpm (4 C) for 15 min. Liver and adipose tissue were collected for further histopathological analysis. Prefrontal cortex, hippocampus and striatum were collected and stored at À80 C for subsequent biochemical analyses.
Glucose tolerance test
Rats were injected intraperitoneally with a 50% glucose solution load of 2 mg/g of body weight. The glucose levels for all the groups were estimated by the glucometer (AccuChek Active, Roche Diagnostics 1 , USA) at 30, 60, and 120 min after the injection by a small tail puncture.
Serum biochemical parameters
Measurements of serum glucose, total cholesterol, cholesterol-LDL, cholesterol-HDL, TAG, urea, uric acid and alanine aminotransferase (ALT) levels were determined using commercially available diagnostic kits supplied by Labtest 1 (Labtest, MG, Brazil).
Histopathological analysis
Liver and adipose tissue samples were fixed in 10% buffered formalin (pH 7.4) and embedded in paraffin, cleaved and routinely processed. Samples were cut into 5-mm sections and stained with hematoxylin and eosin. Histological analyses were performed in all groups.
Behavioral analysis
Forced swim test (FST)
The depressive-like behavior was evaluated by the total duration of immobility in the FST, as previously described by Kaster et al., [19] . Rats were individually forced to swim in an open cylindrical container, with water at 25 AE 1 C and the total duration of immobility during a 5 min period was scored: rats were judged to be immobile when they ceased struggling and remained floating motionless in the water, making only those movements necessary to keep their head above water.
Open-field test
The ambulatory behavior was assessed in an open-field test as previously described by Kaster et al., [20] . The apparatus consisted of a box with the floor of the arena divided into 12 equal squares and placed in a sound-free room. Animals were placed in the rear left square and left to freely explore it for 5 min during which time the number of squares crossed with all paws (crossing) was counted.
Elevated plus-maze
Anxiety-relatedbehaviorswereevaluatedusingtheelevated-plus maze (EPM). Animals were placed in the center of the EPM and were free to explore for 5 min. The number of entries into the open and closedarms,aswellastimespentinthearmswasmeasuredduringthe 5-min test. To evaluate the animal's anxiety we used an index calculated with the following equation. Anxiety index values range from 0 to 1, with a higher value indicating increased anxiety [21] .
(1)
Tissue preparation
Prefrontal cortex, hippocampus and striatum were homogenized in sodium phosphate buffer pH 7.4 containing KCl. The homogenates were centrifuged at 3500 rpm for 10 min at 4 C and the supernatant was separated and used for neurochemical analyzes. Protein was determined by the method of Lowry et al., [22] or Bradford [23] .
2.7. Oxidative stress parameters 2.7.1. Thiobarbituric acid-reactive substances (TBARS) TBARS levels were determined according to the method described by Ohkawa et al., [24] and reported as nmol TBARS/ mg protein.
Total thiol content assay
This assay was performed as described by Aksenov and Markesbery [25] . Results were reported as nmol TNB/mg of protein.
Antioxidant enzyme activities
Catalase (CAT) activity was assayed according to Aebi [26] based on the decomposition of H 2 O 2 . Superoxide dismutase (SOD) activity was measured by the method described by Misra and Fridovich [27] that is based on the inhibition of superoxide dependent adrenaline auto-oxidation. Glutathione peroxidase (GPX) activity was measured using commercially available diagnostic kits supplied by RANDOX (Brazil). The enzyme activities were reported as units/mg protein.
Acetylcholinesterase (AChE) activity
AChE activity was determined as described by the colorimetric method of Ellman et al., [28] with modification and the enzyme activity was expressed as mmol/h/mg of protein.
Statistical analysis
The values were expressed as mean AE S.E.M. Glucose tolerance was analyzed by repeated measures ANOVA and Bonferroni's posthoc test. Parametric variables were tested by two-way ANOVA and Bonferroni post-hoc test. A value of P 0.05 was considered to be significant. Analyses were performed using the GraphPad PRISM 5 1 software.
Results
Phytochemical characterization
The total phenolic content was 7.92 AE 0.23 mg/g of dried extract while the total flavonoid content, 5.50 AE 0.68 mg/g of dried extract [29] and cyanidin-3-O-glucoside [29, 30] were previously described for E. uniflora fruits. Considering the intensity of the peaks, it was possible to describe cyanidin-3-O-glucoside as the major anthocyanin present in these fruits. Furthermore, as far as we are aware, this is the first report of cyanidin-O-galactoside, petunidin-O-hexoside, pelargonidin-3-O-glucoside, pelargonidin-O-rutinoside, malvidin-3-O-glucoside, malvidin-O-pentoside, and malvidin-O-acetylhexoside in E. uniflora fruits.
Metabolic status
As shown in Fig. 1 , HPD induced an impaired glucose tolerance (P < 0.01) and treatment with E. uniflora was able to prevent this change in the animals submitted to HPD. Table 2 shows that E. uniflora treatment prevented the increase of visceral fat mass (treatment: Regarding histopathological analyses, we did not observe degenerative, necrotic or inflammatory processes in liver and adipose tissue in any of the tested groups (data not shown).
Behavioral parameters
The rats submitted to HPD protocol exhibited a significant increase in immobility time in the FST when compared to control animals, suggesting a depressive-like state. Still, the treatment with E. uniflora extract prevented this increase caused by HPD, suggesting an antidepressant-like effect ( In order to rule out nonspecific motor effects that could interfere in the FST, rats were also submitted to the open-field test ( Fig. 2A) Table 3 shows that although there is no interaction between groups, E. uniflora treatment was able to prevent the increase of TBARS levels in hippocampus of the animals submitted to HPD. In addition, E. uniflora per se reduced TBARS levels when compared to control group (treatment: Additionally, we evaluated the effects of E. uniflora extract on oxidative stress parameters in the prefrontal cortex ( Table 3 ). The treatment with this extract also was able to prevent the increase in TBARS levels induced by HPD, as well as in the SC group The antioxidant enzyme GPX showed no difference in the HPD or in the group treated with E. uniflora extract (P > 0.05). Table 3 also shows the effects of E. uniflora extract on oxidative stress parameters in the striatum. It was observed that the extract was able to prevent the increase in TBARS levels induced by HPD, as well as in the SC group As shown in enzyme activity was not altered in the hippocampus and striatum (P > 0.05).
Neurochemical parameters
[
Discussion
MetS is commonly associated with the development of IR and hypertension, increased glucose levels, TAG and LDL-cholesterol. Although the exact mechanisms that trigger this syndrome have not been well defined, visceral obesity and IR are the main factors involved [31] . On the other hand, dietary polyphenols constitute a large family of bioactive substances, which could be an effective nutritional strategy to improve the health of patients with MetS [32] .
In the present study, we investigated the ability of E. uniflora fruit extract to prevent some metabolic, neurochemical and behavioral parameters. Our data showed that HPD-induced MetS caused glucose intolerance, increased weight and visceral fat, glucose, total cholesterol, LDL-cholesterol and TAG levels, and also induced behavioral and neurochemical alterations. Besides, we demonstrated that the changes caused by the consumption of HPD were prevented by E. uniflora extract. In addition, no histopathological changes were observed in liver and adipose tissue. The diet and treatment used did not alter the metabolism of hepatocytes or adipose cells, since they did not trigger any inflammatory or degenerative responses. In contrast, studies with high-fructose or high-fat diets demonstrated an increase in the size of adipocytes, as well as hepatic fat accumulation, fibrosis and inflammation in the liver [33] [34] [35] .
Data in the literature suggest that E. uniflora fruits are a major source of phytochemicals, such as phenolic compounds, flavonoids and anthocyanins [36] . These compounds are known to present antioxidant, anti-inflammatory and neuroprotective properties, besides having beneficial effects on the metabolism of glucose and lipids [37] . It has been reported that anthocyanins, flavonoids and other phenolic compounds present important therapeutic effects in preventing obesity, type 2 diabetes, IR and dyslipidemia [38] . Although the mechanisms involved in these effects have not yet been elucidated, the main hypothesis of action of these chemical Table 2 Effect of E. uniflora extract treatment in rats exposed to a highly palatable diet on metabolic parameters. Fig. 2 . Effect of E. uniflora extract treatment in rats exposed to a highly palatable diet on ambulatory behavior in the open-field test (A) and immobility time in the FST (B). The results are expressed as mean AE S.E.M. (n = 9-10 for group). **P < 0.01 when compared to the vehicle/SC. # P < 0.05 when compared to vehicle/HPD. Twoway ANOVA followed by Bonferroni post-hoc test. SC = Standard Chow; HPD = Highly Palatable Diet.
Table 3
Effect of E. uniflora extract treatment in rats exposed to a highly palatable diet on oxidative stress parameters in the prefrontal cortex, hippocampus and striatum components of E. uniflora fruit extract in the prevention of IR and hyperglycemia may be attributed to the inhibition of carbohydrate digestion and absorption of glucose in the intestine, stimulation of insulin secretion by pancreatic beta cells, modulation of liver glucose secretion, activation of insulin receptors, glucose uptake in insulin sensitive tissues and modulating hepatic glucose production [37] . Manzano and Williamson [39] observed that fruit extracts containing phenolic acids, quercetin and tannin inhibited glucose transport in vitro via glucose active transporter-dependent sodium (SGLT1) and GLUT2 in membrane vesicles of the intestine. Hsu and Yen [40] demonstrated that supplementation of gallic acid reduced TAG, total cholesterol, LDL-cholesterol levels and visceral fat in mice fed a high fat diet. Regarding anthocyanins, it was reported that these compounds have very powerful healthpromoting effects and can be used as a functional food factor [41] .
It is known that the polyphenols can play an important role in neutralizing ROS, acting to prevent pathologies related to oxidative stress such as MetS [12] . In this study, we demonstrated that the consumption of HPD increased TBARS levels and decreased the total thiol content in hippocampus, prefrontal cortex and striatum. However, E. uniflora treatment was able to prevent the increase in TBARS levels caused by HPD in all tissues tested. Corroborating our findings, Trevino and collaborators [42] also observed an increase in hippocampal lipid peroxidation in animals subjected to a MetS model induced by high calorie diet consumption. TBARS is a marker of lipid peroxidation formed by the reaction with cytotoxic products such as malondialdehyde released during the oxidation of unsaturated fatty acids and plays an important role in the complications of MetS [43] . Lipid peroxidation induced by the consumption of HPD may be associated with increased glucose levels, which can lead to increased production of ROS by glucose autoxidation, because chronic hyperglycemia leads to the formation of end product of advanced glycation damaging cells and stimulating the production of ROS [44] . Moreover, chronic hyperglycemia present in MetS can also contribute to neuronal damage and changes in thiol groups in the brain. In this study we observed that HPD decreased total thiol content in the brain structures tested, suggesting that this animal model induces protein damage to sulfhydryl groups. Cuhad and collaborators [45] also showed a decrease in total thiol content in cerebral cortex and hippocampus of diabetic rats with cognitive deficits.
Some studies have shown an association between decreased antioxidant defenses in brain structures and increased oxidative stress in MetS and type 2 diabetes [18, 44] . Therefore, we evaluated the activity of antioxidant enzymes in the prefrontal cortex, striatum and hippocampus of animals submitted to HPD and treated with E. uniflora extract. Our data showed that the consumption of HPD significantly decreases the SOD and CAT activity in the brain structures tested; moreover, it was found that treatment with E. uniflora extract was able to prevent the reduction of the activity of these enzymes in these tissues. However, there was no significant difference in the activity of GPX enzyme in animal tissues from any of the groups tested.
It is well known that the CNS uses a significant amount of oxygen and ATP, and shows decreased antioxidant defenses compared with other tissues, resulting in a great susceptibility to oxidative stress [44] . It has also been shown that the high levels of ROS in MetS play an important role in the pathophysiology of depression [46] . In this study, HPD increased the immobility time in the FST indicating depressive-like behavior. However, treatment with E. uniflora extract prevented this alteration, suggesting an antidepressant-like effect. According to our findings, studies using animal models of depression have showed an increase in lipid peroxidation and decrease of antioxidant enzymes in the prefrontal cortex, striatum and hippocampus, suggesting that oxidative stress may play an important role in the relationship between MetS and depression since these structures are related to mood disorders, especially depression [18, 47] . This hypothesis can be related to the antidepressant-like effect of the treatment with E. uniflora extract since it showed significant antioxidant action.
There is a large amount of data in the literature demonstrating that changes in the activity of AChE respond to various insults including oxidative stress and are related to the pathogenesis of a variety of diseases such as diabetes, inflammation, neurological disorders [7] . Therefore, we demonstrated that the HPD increased AChE activity in the prefrontal cortex; however, treatment with E. uniflora extract was able to prevent the increased activity of this enzyme in this tissue demonstrating a neuroprotective effect. Corroborating these findings, Zarros and collaborators [7] demonstrated a significant increase in rat brain AChE activity after the induction of diabetes. Based on this, we suggest that the cholinergic dysfunction present in diabetes and MetS may be related to cognitive and neurochemical dysfunctions, however the role of AChE in depression is still little explored and controversial [7] . Furthermore, phytochemicals present in E. uniflora extract could contribute to a modulation of the levels of ACh in the synaptic cleft and consequent regulation of cholinergic activity involved in therapeutic strategies.
Conclusion
Our results demonstrate that the treatment with E. uniflora extract prevents alterations in metabolic parameters, oxidative damage as well as cholinergic and behavioral changes observed in MetS. Hence, this extract had an antihyperglycemic, antihyperlipidemic and a neuroprotective role since it presented antioxidant and antidepressant-like effects; further studies should be performed on the role of E.uniflora fruit extract in the prevention of MetS. We are currently pursuing this goal. Table 4 Effect of E. uniflora extract treatment in rats exposed to a highly palatable diet on acetylcholinesterase activity in prefrontal cortex, hippocampus and striatum. 
